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ABSTRACT

We consider the oxygen abundance distributions for a sample of massive (log(M?/M�) & 10) spiral galaxies from the Mapping
Nearby Galaxies at the Apache Point Observatory (MaNGA) survey in which the radial abundance gradient flattens to a constant
value outside of the outer break radius, Rb,outer. The outer break radius can be considered as a dividing radius between the galaxy and
the circumgalactic medium (CGM). The values of the Rb,outer range from ∼0.8 R25 to ∼1.45 R25, where R25 is the optical (isophotal)
radius of the galaxy. The oxygen abundances in the CGM range from 12+log(O/H) ∼8.0 to ∼8.5. The oxygen abundance distribution
in each of our galaxies also shows the inner break in the radial abundance profile at the radius Rb,inner. The metallicity gradient in the
outer part of the galaxy (Rb,inner < R < Rb,outer) is steeper than in the inner part (R < Rb,inner). The behaviour of the radial abundance
distributions in these galaxies can be explained by assuming an interaction with (capture of the gas from) a small companion and
adopting the model for the chemical evolution of galaxies with a radial gas flow. The interaction with a companion results in the
mixing of gas and a flat metallicity gradient in the CGM. The capture of the gas from a companion increases the radial gas inflow rate
and changes the slope of the radial abundance gradient in the outer part of the galaxy.
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1. Introduction

The discs of spiral galaxies have long been known to show
negative radial abundance gradients in the sense that the abun-
dance is higher at the centre and decreases with galactocen-
tric distance (Searle 1971; Smith 1975). The nebular abun-
dance distributions within the optical (isophotal) radius of a
galaxy R25 (which is the galactocentric distance of the isophote
at a surface brightness of 25 magB arcsec−2, corrected for the
galaxy inclination) were determined for many galaxies by
different authors (Vila-Costas & Edmunds 1992; Zaritsky et al.
1994; Pilyugin et al. 2004, 2007, 2014, 2019; Gusev et al. 2012;
Sánchez et al. 2014; Ho et al. 2015; Zinchenko et al. 2015,
2016; Sánchez-Menguiano et al. 2016, 2018; Kreckel et al.
2019; Berg et al. 2020, among many others). The general trend
of the decreasing gas-phase oxygen abundance along the radius
is well established. Sánchez et al. (2014) found that all galax-
ies without clear evidence of an interaction present a com-
mon gradient in the oxygen abundance within the optical radius
with a characteristic slope of −0.16 dex/R25 and a dispersion of
0.12 dex/R25. It is also well established that the radial abundance
profile can show a break within the optical radius of the galaxy,
that is, the gradient in the slope of the radial abundance can
change (e.g. Vila-Costas & Edmunds 1992; Zaritsky et al. 1994;
Sánchez-Menguiano et al. 2016, 2018; Pilyugin & Tautvais̃ienė
2024; Cardoso et al. 2025).

The abundance distributions beyond the optical radius of a
galaxy were investigated less frequently. Bresolin et al. (2009)
obtained spectra of 49 H ii regions in the spiral galaxy NGC 5236
(M 83). The targeted H ii regions span a range of galactocentric
distances between 0.64 and 2.64 times the optical radius R25,
and 31 of them are located at R > R25. The authors found that
the oxygen abundances within the optical radius follow the radial
? Corresponding author.

gradient obtained in other investigations, but an abrupt disconti-
nuity in the radial oxygen abundance trend was detected near the
optical radius of the disc. The outer abundance trend flattens to
an approximately constant value. Werk et al. (2011) carried out
multi-slit optical spectroscopy and estimated strong-line oxygen
abundances of ∼100 H ii regions with projected galactocentric
distances ranging from 0.3 to 2.5 R25 in 13 galaxies, includ-
ing 8 massive (&1010 M�) galaxies. They found that all these
galaxies have flat radial oxygen abundance gradients from their
central optical bodies to their outermost regions. Bresolin et al.
(2012) obtained spectra of 135 H ii regions in the spiral galax-
ies NGC 1512 and NGC 3621 that span a range of galactocen-
tric distances from 0.2 to 2 R25. The radial abundance gradient in
these two galaxies flattens to a constant value outside the isopho-
tal radius. The O/H abundance ratio in the outer disc is highly
homogeneous, with a scatter of only ∼0.06 dex. Patterson et al.
(2012) measured spectra of H ii regions in NGC 3031 (M 81)
to more than two optical radii R25. They found an overall oxy-
gen abundance gradient in the entire radial range. Grasha et al.
(2022) studied in a spatially resolved H ii region the gas-phase
metallicity maps of six local star-forming and face-on spiral
galaxies from the TYPHOON program. They found that the
metallicity gradient in the galaxy NGC 1566 is flat at a galac-
tocentric distance greater than ∼15 kpc.

Sánchez et al. (2012b) pointed out a possible flattening of the
radial gradients in the outer regions of spiral galaxies observed
by the Calar Alto Legacy Integral Field Area survey (CAL-
IFA; Sánchez et al. 2012a). They later confirmed that the oxygen
abundance of most of the 94 galaxies with H ii regions detected
beyond two effective disc radii becomes flatter (Sánchez et al.
2014). The authors noted that the flattening in the outer regions
seems to be a universal property of disc galaxies, regardless
of the mass, luminosity, morphology, and presence of bars.
Sánchez-Menguiano et al. (2016) measured the gas abundance
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profiles in a sample of 122 face-on spiral galaxies from the CAL-
IFA survey. They found that the abundance gradient of most of
the galaxies in the sample with reliable oxygen abundance values
beyond two effective radii became flatter in these outer regions.
This flattening is not associated with any morphological param-
eter. Sánchez-Menguiano et al. (2018) obtained the radial dis-
tribution of the oxygen abundances in a sample of 102 spiral
galaxies observed with Very Large Telescope/Multi Unit Spec-
troscopic Explorer (VLT/MUSE). They found that 10 galax-
ies showed an outer flattening and 16 galaxies simultaneously
showed an outer flattening and an inner drop in the abundances.
Cardoso et al. (2025) noted that the nature of this flattening in
the external gradient is still debated because it is unclear whether
this phenomenon is a common feature in galactic discs.

We consider the abundance distributions in a sample of
massive (log(M?/M�) & 10) spiral galaxies from the Mapping
Nearby Galaxies at the Apache Point Observatory (MaNGA:
Bundy et al. 2015) survey in which the radial abundance gradi-
ent flattens to a constant value at large galactocentric distances.
Based on this, we examine the properties of the outer breaks
(transition to the region with a flat gradient) and ascertain the ori-
gin of this flattening. We also wish to determine whether there is
any other distinctive characteristic common to all these galaxies.
If this is the case, then this characteristic can also be related to
the reason for the flat abundance distribution at large radii, that
is, these characteristics are expected to originate from the same
evolutionary pathways.

The paper is organised in the following way. The data and
a sample of selected galaxies are described in Sect. 2. In Sect. 3
we discuss the properties of the investigated galaxies. Section 4
contains a brief summary.

2. Data and mapping of the galaxy properties

2.1. Data

Our investigation was based on galaxies from the MaNGA sur-
vey (Bundy et al. 2015). The completed observations of MaNGA
galaxies are reported in Data Release 17 (Abdurro’uf et al.
2022), where the data products were revised for all the obser-
vations that were previously released in DR15 and before (e.g.
the flux calibration was updated). The emission line parame-
ters of the spaxel spectra of galaxies are available from the
MaNGA Data Analysis Pipeline (DAP) measurements. We
derived the characteristics of a sample of galaxies using the
last version of DAP measurements manga-n-n-MAPS-SPX-
MILESHC-MASTARSSP.fits.gz1 for the spectral measurements
and the Data Reduction Pipeline (DRP) measurements manga-
n-n-LOGCUBE.fits.gz2 for the photometric data. Sánchez et al.
(2022) derived different characteristics of the MaNGA galaxies
by fitting the spaxel spectrum with a combination of spectra of
simple stellar populations (SSP) of different ages and metallici-
ties. These results are reported in their catalogue3.

We considered a sample of the discy galaxies for which
the curves of isovelocities in the measured line-of-sight veloc-
ity fields look like a set of parabola-like curves (hourglass-like
picture of the rotation disc). This condition grants us the oppor-
tunity to derive the geometric parameters of a galaxy, which are

1 https://data.sdss.org/sas/dr17/manga/spectro/
analysis/v3_1_1/3.1.0/SPX-MILESHC-MASTARSSP/
2 https://dr17.sdss.org/sas/dr17/manga/spectro/redux/
v3_1_1/
3 https://data.sdss.org/sas/dr17/manga/spectro/pipe3d/
v3_1_1/3.1.1/

necessary to determine the galactocentric distances of individ-
ual spaxels and to construct radial distributions of the charac-
teristics across the galaxy. This criterion also rejects interacting
and merging galaxies when the interaction distorts the line-of-
sight velocity field to such an extent that the determination of
the geometrical angles and rotation curve is impossible. We also
excluded galaxies with an inclination angle larger than ∼70◦
because the fit of the Hα velocity field in these galaxies can
produce unrealistic values of the inclination angle (Epinat et al.
2008), and as a result, the obtained galactocentric distances of
the spaxels can involve large uncertainties. We considered galax-
ies with a large number of spaxels in the galaxy image, that is,
galaxies mapped with 91 and 127 fibre IFU, covering 27′′.5 and
32′′.5 on the sky. We only chose galaxies for which the spaxels
with measured emission lines were well distributed across the
galactic discs and covered more than ∼0.8 R25. Thus, we consid-
ered 430 MaNGA galaxies.

We took distances to the galaxies from the NASA/IPAC
Extragalactic Database (ned)4. The ned distances use flow
corrections for Virgo, the Great Attractor, and Shapley Super-
cluster infall (adopting a cosmological model with H0 =
73 km/s/Mpc, Ωm = 0.27, and ΩΛ = 0.73). We adopted the
spectroscopic stellar masses from the Sloan Digital Sky Sur-
vey (SDSS) and BOSS (BOSS stands for the Baryon Oscilla-
tion Spectroscopic Survey in SDSS-III, see Dawson et al. 2013).
The spectroscopic masses were taken from the table stel-
larMassPCAWiscBC03 and were determined using the Wis-
consin method (Chen et al. 2012) with the stellar population syn-
thesis models from Bruzual & Charlot (2003).

2.2. Determining the geometrical parameters and the galaxy
size

The geometrical parameters of the galaxy (the coordinates of the
centre, the position angle of the major axis, the inclination angle,
and the rotation curve) were derived through the best fit to the
observed line-of-sight gas velocity field (obtained from the mea-
sured wavelength of the emission of the Hα line in the spaxel
spectra) following Pilyugin et al. (2019). The galactocentric dis-
tances of the spaxels determined with these geometrical param-
eters are used below to construct the radial distributions of the
oxygen abundances and other characteristics across the disc.

We specified the size of the galaxy by the isophotal (or
optical) radius R25, which is the galactocentric distance of the
isophote at a surface brightness of 25 magB arcsec−2, corrected
for the galaxy inclination. The photometric profile of the galaxy
was obtained in the following way. The measurements in the
SDSS filters g and r for each spaxel were converted into B-band
magnitudes following Pilyugin et al. (2018). The radial surface
brightness distribution was constructed using the galactocentric
distances of the spaxels determined with the coordinates of the
centre, the position angle of the major axis, and the inclination
angle obtained from the analysis of the observed gas velocity
field. The radial surface brightness distribution was fitted within
the optical radius by a broken exponential profile for the disc and
by a general Sérsic profile for the bulge. The value of the isopho-
tal radius R25 was estimated using the fit corrected for the galaxy
inclination. We used a simple correction for the inclination (fac-
tor cos i) for the surface brightness of the disc component. The

4 The NASA/IPAC Extragalactic Database (ned) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration. http:
//ned.ipac.caltech.edu/
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Table 1. Characteristics of the MaNGA galaxies.

Galaxy d log M? R25 Rb,inner Rb,outer (O/H)CGM log SFR A RA Environment Morphology
ID Mpc M� Kpc R/R25 R/R25 12+log(O/H) M�/year
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

7960 12704 108.4 10.452 11.30 0.500 0.850 8.335 0.455 0.248 0.127 multu Sc
8091 12703 333.1 11.003 20.27 0.850 0.950 8.369 0.707 0.294 0.140 S
8135 12703 225.9 10.668 13.36 0.790 1.153 8.358 −0.061 0.133 0.067 isolated Sbc
8247 12703 238.2 10.588 14.95 0.443 1.054 8.404 0.419 0.247 0.116 isolated Sc
8262 12704 220.2 10.518 16.28 0.824 0.997 8.194 −0.009 0.167 0.095 multu Sc
8443 12703 260.1 11.390 27.87 0.606 0.997 8.425 0.216 0.180 0.085 multu Sb
8595 12702 210.9 10.460 14.42 0.945 1.106 8.172 −0.008 0.242 0.120 isolated SBb
8613 12702 146.9 10.910 16.42 1.124 1.240 8.314 −0.194 0.138 0.068 multu SBc
9000 12702 126.0 10.259 13.29 0.720 1.474 8.137 −0.130 0.214 0.113 multu SBbc
9024 12701 397.4 11.466 28.32 1.017 1.183 8.434 −0.134 0.113 0.060 multu Sb
9025 12705 219.1 10.428 14.66 0.745 0.972 8.298 −0.253 0.145 0.077 isolated Sc
9485 12705 144.8 11.125 15.76 0.481 0.876 8.519 0.476 0.145 0.076 isolated SBa
9492 12703 207.7 10.390 15.20 0.622 1.026 8.262 0.055 0.129 0.073 isolated Sc
9506 12704 218.9 10.732 14.64 0.999 1.100 8.219 −0.047 0.120 0.064 isolated Sbc
9879 12704 252.9 10.833 13.36 1.150 1.150 8.519 0.083 0.164 0.091 multu SBb
10842 12703 328.8 11.215 19.13 0.948 1.176 8.385 0.272 0.109 0.058 multu S0-a
10844 12705 283.8 11.062 14.24 0.951 1.174 8.309 0.794 0.294 0.129 isolated Sc
11945 12705 239.5 10.718 16.43 0.853 0.986 8.388 0.247 0.189 0.094 multu Sbc
11946 12702 286.2 11.151 18.25 0.620 1.042 8.450 0.303 0.227 0.121 multu S
12094 12705 228.7 10.323 10.75 1.001 1.001 8.169 0.712 0.277 0.133 S

Notes. (1) MaNGA identificator; (2) distance to the galaxy d; (3) stellar mass M?; (4) optical (or isophotal) radius R25; (5) radial position of the
inner break, Rb,inner, in the radial abundance distribution; (6) radial position of the outer break, Rb,outer; (7) oxygen abundances of the circumgalactic
medium, (O/H)CGM; (8) current star formation rate; (9) asymmetry parameter, A, which quantifies the asymmetry of a light distribution across
the galaxy; (10) asymmetry index RA, which specifies the distribution of residual fluxes after the model flux is subtracted; (11) environment; (12)
morphological type.

bulge was assumed to be spherical, and its surface brightness
was not corrected for inclination. Since we are mainly interested
in the surface brightness of the outer galaxy regions (determina-
tion of the optical radius), this approach is justified even when
the bulge is not spherical.

2.3. Determining the oxygen abundances

The measured emission line fluxes in the spaxel spectra were
corrected for the interstellar reddening using the reddening law
of Cardelli et al. (1989) with RV = 3.1. The logarithmic extinc-
tion at Hβ was estimated through a comparison of the mea-
sured and theoretical FHα/FHβ ratios, where the theoretical value
of the line ratio of 2.87 was taken from Osterbrock & Ferland
(2006), assuming case B recombination, an electron temperature
of 104 K, and an electron density of 100 cm−3. When the mea-
sured value of the ratio FHα/FHβ was lower than the theoretical
value, the reddening was adopted to be zero.

The intensities of strong emission lines are usually used to
separate different types of spaxel spectra according to their main
excitation mechanism (i.e., the star forming (SF) and the active
galactic nucleus (AGN) spectra). A widely used spectral clas-
sification of emission-line spectra is the [O iii]λ5007/Hβ versus
[N ii]λ6584/Hα diagnostic diagram suggested by Baldwin et al.
(1981) (BPT classification diagram). Kauffmann et al. (2003)
found an empirical demarcation line between the star-forming
and AGN-like spectra in the BPT diagram. This demarcation
line can be interpreted as an upper limit of pure star-forming
spectra. The spectra located to the left (below) of the demarca-

tion line of Kauffmann et al. (2003) are referred to as the H ii
region-like (or the SF-like) spectra. Kewley et al. (2001) deter-
mined a theoretical demarcation line between the star-forming
and AGN spectra in the BPT diagram. This demarcation line is
a theoretical upper limit for starburst models in the diagnostic
diagram. The spectra located to the right (above) of the demar-
cation line of Kewley et al. (2001) are referred to as AGN-like
spectra. The spectra located between the demarcation lines of
Kauffmann et al. (2003) and Kewley et al. (2001) are referred
to as intermediate (INT) spectra. In the literature, these spec-
tra are also referred to as composite or transition spectra (e.g.
Davies et al. 2014; Pons & Watson 2014, 2016).

The credibility of the classification of the ionising source
of the region using only the BPT diagram has been ques-
tioned, however (e.g. Sánchez et al. 2014; Lacerda et al. 2018;
D’Agostino et al. 2019; Sánchez 2020; Sánchez et al. 2021,
2024, 2025). It was suggested to use the equivalent width of
the emission Hα line, EWHα (Cid Fernandes et al. 2010, 2011;
Sánchez et al. 2014; Lacerda et al. 2018; Sánchez et al. 2021,
2024) and the gas velocity dispersion, σHα (D’Agostino et al.
2019; Johnston et al. 2023; Sánchez et al. 2024) as diagnostic
indicators in addition to the emission-line ratios, which are at
the base of the BPT diagnostic diagram. Sánchez et al. (2024)
have proposed a method that explores the location of different
ionising sources in a diagram, which compares the equivalent
width of the emission Hα line, EWHα, and the gas velocity dis-
persion, σHα, (WHaD diagram). They defined different areas in
which the ionising source could be classified as (1) SF, ion-
isation due to young-massive OB stars, related to recent star
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Fig. 1. Radial oxygen abundance distributions for our sample of the MaNGA galaxies. Each panel shows the radial oxygen abundance distribution
for individual spaxels (grey points) and binned (0.05 R25) values (red circles). The line denotes the adopted O/H – R relation.

formation activity; (2) sAGNs and wAGNs, ionisation due to
strong (weak) AGNs, and other sources of ionisations like high
velocity shocks; and (3) Ret, ionisation due to hot, old low-
mass evolved stars (post-AGBs), associated with retired regions
within galaxies (in which there is no star formation). They classi-
fied sources with a EWHα > 6 Å and σHα < 57 km s−1 as SF. We
estimated the oxygen abundances using the R calibration from
Pilyugin & Grebel (2016) in the spaxels, where the spectra are
the H ii region-like spectra according to the BPT and the WHaD
classification diagrams simultaneously.

2.4. Sample of galaxies with a flat abundance distribution in
the circumgalactic medium

We derived the radial abundance distribution not based on the
abundances in individual spaxels, but on the median values of
the abundances in bins of 0.05 dex in R/R25 (red points in Fig. 1).
The radial oxygen abundance distribution was approximated by
the broken linear relation. In the general case, we considered two
breaks in the radial abundance distribution (Fig. 1). The inner
break, Rb,inner, divides the inner and outer parts of the disc when

the change in the gradient slope takes place within the disc. The
outer break, Rb,outer, divides the disc of the galaxy and the cir-
cumgalactic medium (CGM).

We searched for galaxies with an outer break in the radial
metallicity profile. The radial metallicity profile should be mea-
sured up to at least ∼1.2 R25 (see below). Unfortunately, the
radial extension of the area with the measured abundance was
not large enough for most of the MaNGA galaxies. We selected
galaxies for which the oxygen abundances beyond the outer
break were estimated in at least five bins. This request meant
that we were able to determine a more or less reliable value of
Rb,outer and to estimate the abundance beyond the outer break
(in the circumgalactic medium). We found 20 MaNGA galax-
ies that satisfied this criterion. Is should be noted that we found
no galaxies with an undisputable lack of the outer break for
galaxies whose radial metallicity profile was measured up to
more ∼1.2 R25. The morphological types of the selected galaxies
extended from So-a to Sc according to the HyperLeda5 database
(Makarov et al. 2014), and five of them are classified as barred

5 http://leda.univ-lyon1.fr/
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galaxies. The radial abundance distributions for the selected
galaxies are shown in Fig. 1, and the general characteristics and
parameters of the radial abundance distribution are reported in
Table 1. These galaxies are discussed in the next section.

The validity of the obtained broken metallicity gradients
can be argued in the following way. First, the credibility of
the R calibration-based abundances was tested in our previous
papers and by other investigators. In particular, Croxall et al.
(2016) compared R calibration-based abundances and their Te-
based abundances for NGC 5457. They found that the R cali-
bration successfully reproduces the abundance gradient within
the 1σ errors throughout the whole metallicity range of around
an order of magnitude. Second, we presented a sample of 29
galaxies in which the R calibration-based oxygen abundance
gradient was approximated by a single linear relation through-
out the whole disc, with a mean value of the deviation from the
relation lower than ∼0.01 dex for the binned oxygen abundance
(Pilyugin & Tautvais̃ienė 2024). This is evidence that the R cal-
ibration does not produce the false break in metallicity gradient,
and the obtained breaks in the metallicity gradients in our target
galaxies are therefore real.

3. Discussion

3.1. Properties of the abundance distributions

First, we examined whether the galaxies with the flat abundance
of the CGM might be linked to their present-day environments.
Eighteen out of 20 galaxies in our sample are listed in a catalogue
of galaxy groups and clusters (Tempel et al. 2018). According to
this catalogue, 10 galaxies in our sample are members of galaxy
pairs or groups, and 8 galaxies are classified as isolated galax-
ies (Table 1). This suggests that the flat abundance of the CGM
is independent of the present-day galaxy environment. Next, we
considered the evolutionary status of our galaxies, that is, we
examined their positions in the diagram of stellar mass ver-
sus star formation rate (SFR). The global star formation rate
in a galaxy was estimated from the Hα luminosity of a galaxy
using the calibration relation of Kennicutt (1998), reduced by
Brinchmann et al. (2004) for the Kroupa initial mass function
(Kroupa 2001). The Hα luminosity of a galaxy was obtained as
a sum of the Hα luminosities of the spaxels with H ii-region-like
spectra within the optical radius. We found that the SFRs in our
galaxies agree with the SFR – M? relation for the present-day
epoch (t = 13.6 Gyr) from Speagle et al. (2014).

Panel (a) in Fig. 2 shows the oxygen abundance in the cir-
cumgalactic medium, (O/H)CGM, as a function of the stellar
mass of the galaxy M?. The values of (O/H)CGM range from
12+log(O/H) ∼8.0 to ∼8.5. There is a correlation (correlation
coefficient is equal to 0.704) between (O/H)CGM and M?. This is
in line with the results of Sánchez-Menguiano et al. (2016) that
the abundance value of the flattening depends on the mass of
galaxies.

Panel (b) in Fig. 2 shows the radial position of the outer
break, Rb,outer, as a function of the stellar mass of the galaxy. The
Rb,outer does not correlate with M?; the correlation coefficient is
−0.020. The mean value for our sample is Rb,outer/R25 = 1.08
with a scatter of 0.14. Bresolin et al. (2012) obtained for sev-
eral nearby galaxies that the radial abundance gradient flat-
tens to a constant value near the optical radius of the disc.
Sánchez-Menguiano et al. (2018) found a much wider distribu-
tion for the outer breaks. The flattening occurred there between
0.3 and 2.8 Re. The authors noted that although the distribution
peaks at ∼1.5 Re (the mean value of the radial positions is 1.47 Re
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Fig. 2. Characteristics of the radial oxygen abundance distributions for
our sample of galaxies. The circles designate the oxygen abundance in
the circumgalactic medium (panel a), the radial positions of the outer
break (panel b), and the radial positions of the inner break (panel c) as
a function of the stellar mass of MaNGA galaxies. The line is the linear
best fit to these data points. The plus signs mark the nearby galaxies.

and the standard deviation 0.60), the wide range of radii covered
by it prevents the defininition of a characteristic location of the
outer flattening in the abundances.

Panel (c) in Fig. 2 shows the radial position of the inner
break, Rb,inner, as a function of the stellar mass of the galaxy. The
values of Rb,inner for our sample of galaxies range from ∼0.45 to
∼1.15 of the optical radius R25. There is no appreciable correla-
tion between Rb,inner and M?; the correlation coefficient is 0.118.
Sánchez-Menguiano et al. (2018) have found that the distribu-
tion of the radial positions of the inner break is quite narrow, and
a pronounced peak is centred at ∼0.5 of the effective radius Re
(the mean value of the radial positions is 0.54 Re and the standard
deviation 0.20), suggesting that the position of the inner drop
is very similar in all galaxies with this feature. Cardoso et al.
(2025) have found that the average value for the position of the
inner drop is at Rb,inner = 0.84 ± 0.26 Re and that the inner drop
in massive galaxies lies closer to the galaxy centre. Thus, there
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Fig. 3. Radial oxygen abundance distributions for nearby galaxies. The
circles in each panel show the oxygen abundances for individual H ii
regions as a function of radius. The line denotes the adopted O/H – R
relation.

is a significant difference between the inner break radii obtained
here and by Sánchez-Menguiano et al. (2018) and Cardoso et al.
(2025).

It was noted above that the radial oxygen abundance profiles
in several nearby galaxies were measured to more than two opti-
cal radii R25. We compared the radial oxygen abundance profiles
in these nearby galaxies and in our MaNGA galaxies. Figure 3
shows the radial abundance distributions in the nearby galaxies.
The oxygen abundances in the H ii regions were estimated using
the R calibration from Pilyugin & Grebel (2016) with the line
fluxes from the sources reported by Pilyugin et al. (2023). The
geometrical characteristics of the galaxies (the inclination angle
of a galaxy, the position angle of the major axis, the distance,
and the angular and physical optical radii) used in the determina-
tions of the galactocentric distances to the H ii regions were also
taken from Pilyugin et al. (2023). The outer break can be seen
in three nearby galaxies NGC 1512, NGC 3621, and NGC 5236
(panels (a), (c), and (d) in Fig. 3, respectively). The only outer
break was considered in the fitting of the radial oxygen abun-
dance distribution because the radial position of the inner break
radius (if exists) cannot be reliably established on the basis of
available measurements. The positions of these nearby galaxies
in the (O/H)CGM – M? and the Rb,outer – M? diagrams (panels (a)
and (b) in Fig. 2, respectively) follow the bands outlined by our
sample of the MaNGA galaxies.

The nearby galaxy NGC 3031 (M 81) shows an overall oxy-
gen abundance gradient in the entire radial range up to around
∼3 R25 without an evident outer break (panel (b) in Fig. 3).
Patterson et al. (2012) noted, however, that more deep spec-
troscopic data for H ii regions are needed to solidly establish
whether this galaxy shows a broken abundance profile with a
flat outer gradient. We also show the abundance profile for the
nearby galaxy NGC 5457 (M 101) in panel (e) of Fig. 3, although
the measurements of H ii regions in this galaxy are only available
up to ∼1.25 R25. This galaxy demonstrates that the oxygen abun-

dance can decrease monotonically (without a break) along the
radius by around an order of metallicity magnitude and that the
abundance near the optical radius in a large spiral galaxy can be
low, 12+log(O/H) ∼7.8.

We found no analogues to the nearby galaxies NGC 3031
(with an overall oxygen abundance gradient in the entire radial
range up to at least two optical radii) and to the nearby galaxy
NGC 5457 (with unprecedently large radial variation in the oxy-
gen abundance across the disc) among the MaNGA galaxies. The
lack of the analogues to NGC 3031 can be attributed to the fact
that the abundances at large radii are not measured in the major-
ity of the MaNGA galaxies. The lack of NGC 5457 analogues
among hundreds of the MaNGA galaxies is amazing, however.
Even some nearby galaxies apparently might have a unique (or
at least a rare way of) evolution.

3.2. Origin of the flat abundance distribution in the CGM

The flat abundance gradient in the circumgalactic medium can
originate in different ways. It was noted that a levelling out of the
star formation efficiency, defined as the ratio of the surface den-
sity of the star formation rate to the gas surface density, above
and beyond the isophotal radius can explain the flattening of
the chemical gradient observed in the circumgalactic medium
(Bresolin et al. 2012; Esteban et al. 2013). However, the oxy-
gen abundances in the circumgalactic medium are rather high,
between 12+log(O/H) ∼8.0 and 12+log(O/H) ∼8.5 (Table 1).
Bresolin et al. (2012) noted that although a fraction of the metal
amounts found in the circumgalactic medium are expected to
be produced in situ, another considerable fraction must have
another origin.

The flat abundance gradient would also be observed if the
circumgalactic medium were well mixed. Models predict that
the interaction of galaxies results in gas mixing, and this con-
sequently produces a flat abundance gradient (e.g. Rupke et al.
2010). Werk et al. (2011) concluded that there is efficient metal
mixing out to large galactocentric radii in their sample of galax-
ies, with flat radial oxygen abundance gradients from their cen-
tral optical bodies to their outermost regions, facilitated by
galaxy interactions. Six out of eight massive galaxies from their
sample are indeed classified as minor merges or interacting
galaxies. Werk et al. (2011) noted that the interactions might be
the primary driver of the metal mixing in these galaxies, and
the mechanism by which it acts is independent of the interaction
details.

The contribution of gas captured from a dwarf galaxy by the
circumgalactic medium can also explain the rather high oxygen
abundances in the CGM. An example of gas capture can be seen
in the Milky Way system as the Magellanic Stream. The total gas
mass (atomic plus ionised) of the Magellanic Stream is ∼109 M�
(Fox et al. 2014; D’Onghia & Fox 2016). Two principal fila-
ments of the Magellanic Stream show different gas-phase chemi-
cal abundances. The filament connected to the Large Magellanic
Cloud shows LMC-like abundances (∼0.5 solar, 12+log(O/H)
∼8.4), and the other filament shows the Small Magellanic Cloud-
like abundances, ∼0.1−0.2 solar (Fox et al. 2013; Richter et al.
2013; D’Onghia & Fox 2016). Thus, the interaction with Mag-
ellanic Cloud-like satellites can explain the values of the oxygen
abundance beyond the outer break radii obtained in the MaNGA
galaxies of our sample.

The spots outside the optical radius in the surface brightness
distributions in some our galaxies (e.g. M-12094-12705, panel
(a1) in Fig. 4; M-8595-12702, panel (a2) in Fig. 4; M-11946-
12702, panel (a3) in Fig. 4) can be attributed to the fragments
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Fig. 4. Characteristics maps for five galaxies. Panels of the left column a: Observed surface brightness distribution in the galaxy image in sky
coordinates (pixels). The surface brightness value is colour-coded. The circle shows the kinematic centre of the galaxy, the line indicates the
position of the major kinematic axis of the galaxy, and the ellipse is its optical radius. Panels of the middle column b: Line-of-sight velocity field.
Panels of the right column c: Distribution of O/H in the galaxy image.

(debris) of the captured and destroyed dwarf galaxy, that is, the
star-forming circumgalactic medium can contain not only the gas
from the captured companion galaxy, but also star fragments.
This justifies the assumption that the interaction with (capture

of) a small companion causes the flat gradient (mixing) in the
circumgalactic medium in these galaxies.

An examination of the morphology is the most common
way to identify galaxy mergers or interactions. The asymmetry
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Fig. 5. Asymmetry of a light distribution in the galaxies of our sample.
The asymmetry index of residual fluxes after the model flux is sub-
tracted, RA, vs. the asymmetry parameter in a light distribution for the
galaxy, A. The circles denote all the galaxies, and the galaxies shown in
Fig. 4 are marked by symbols shown in the legend.

parameter, A, quantifies the asymmetry of the light distribution
across the galaxy (Schade et al. 1995; Conselice 2003). The dif-
ference between the flux of a spaxel in the original image and
the flux of the same spaxel after the image has been rotated by
180◦ about the centre of the galaxy is compared. The sum is car-
ried out over all spaxels within the optical radius of the galaxy.
The index RA specifies the distribution of residual fluxes after
the model flux is subtracted (Schade et al. 1995). The photomet-
ric profile of the galaxy was obtained (as described in Sect. 2.2),
and the radial surface brightness distribution was fitted within
the optical radius by a broken exponential profile for the disc
and by a general Sérsic profile for the bulge. The residual flux
for each spaxel was estimated as the difference between the mea-
sured flux and flux obtained from the fit relation for a galacto-
centric distance of the spaxel. The obtained residual fluxes were
used to determine the index RA. The average value of the asym-
metry parameters in early-type spirals (Sa and Sb galaxies) is
A = 0.07 ± 0.04, and late-type spirals (Sc and Sd galaxies) show
higher asymmetries, A = 0.15 ± 0.06 (Conselice 2003). The
high asymmetry value (A > 0.35) can serve as an indicator of a
merger or interaction (Conselice 2003; Wilkinson et al. 2022). A
galaxy is classified as asymmetric when RA > 0.05 (Schade et al.
1995).

Figure 5 shows the RA − A diagram for our sample of galax-
ies. Inspection of Fig. 5 (see also Table 1) shows that the val-
ues of the asymmetry parameter for galaxies with prominent
features in the surface brightness distributions (M-12094-12705,
M-8595-12702, and M-11946-12702) are higher than the aver-
age value for spiral galaxies, but they are below the threshold
value of A = 0.35 for the merger or interaction (Conselice 2003;
Wilkinson et al. 2022). This is expected, because first, the asym-
metry parameter is determined for the image within the optical
radius, while the features in the surface brightness distributions
(debris of the captured companion) are outside the optical radius
(Fig. 4). Second, the significant asymmetry in the light distribu-
tion might be produced by a strong interaction or merger. Strong
interactions can also result in a significant distortion of the line-
of-sight velocity field, however. These galaxies were excluded
from our consideration according to our selection criteria. The
line-of-sight velocity fields in our galaxies are not perfectly reg-
ular, but the distortion is weak (panels (b1, b2, b3) in Fig. 4).
Thus, the value of the asymmetry parameter A below the thresh-
old value for the merger or interaction does not exclude the
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stellar mass. The squares designate the galaxies of our sample in which
the radial position of the inner break Rb,inner is within the optical radius
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the inner break is outside the optical radius. The grey circles show the
comparison galaxies.

interaction with (capture of) a small companion during the cur-
rent epoch or in the recent past. Therefore, we assumed that
the interaction with (capture of) a small companion causes the
flat gradient (mixing) in the circumgalactic medium in all our
galaxies. The values of the asymmetry indicator of the distribu-
tion of the residual spaxel flux RA exceed the threshold value of
RA = 0.05 which divides the symmetric and asymmetric galax-
ies (Schade et al. 1995), that is, our galaxies should be classified
as asymmetric galaxies.

The locations of our galaxies in the A − RA diagram form
a monotonic sequence (Fig. 5). Galaxy merger (interaction) fea-
tures may persist for up to ∼1 Gyr, but they gradually fade and
become faint at ∼200 Myr after coalescence (Lotz et al. 2008;
Pawlik et al. 2016; Wilkinson et al. 2022). The decrease in the
asymmetry parameter can be attributed either to the decrease in
the mass of the captured companion or to the increase in time
after the capture. If our assumption that the interaction with (cap-
ture of) a small satellite causes the mixing of the circumgalactic
medium is correct, then the flat gradient in the circumgalactic
medium is a long-living sign of the capture of a small compan-
ion.

3.3. Origin of the inner break in the metallicity gradient

The galaxies of our sample with the flat abundance gradient
in the circumgalactic medium beyond the outer breaks also
demonstrate another distinctive characteristic common to all
these galaxies: They show the inner breaks in the radial oxy-
gen abundance distributions (Fig. 1). Sánchez-Menguiano et al.
(2018) and Cardoso et al. (2025) also noted that galaxies can
simultaneously show an outer flattening and an inner drop in
the oxygen abundances. A close inspection of Fig. 1 shows that
the spaxels of the low (CGM-like) metallicities can be found in
the outer parts of the discs alone, beyond the inner break radii.
This suggests that either the low-metallicity gas (captured from
the companion galaxy) infalls onto the outer part of the galaxy
alone or that the low-metallicity gas inflows from the CGM as
the radial gas flow.
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The classical models of inside-out growth (e.g.
Matteucci & Francois 1989) reproduce many chemical galaxy
properties. Radial gas flows with radial velocities of the order of
a few km s−1 are thought to take place and can play an appre-
ciable role in the chemical evolution of galaxies, in particular,
in the development of abundance gradients across the disc
(Lacey & Fall 1985; Portinari & Chiosi 2000; Mott et al. 2013;
Lyu et al. 2025, among many others). The gas-phase metallicity
in the annulus at a given radius is regulated by the interplay
between the inflow, the star formation, and the outflow.

Several works were devoted to direct measurements of radial
gas velocities in galaxies. Wong et al. (2004) examined the CO
and H i velocity fields of 7 nearby spiral galaxies. No unambigu-
ous evidence for radial inflows was found in any of the seven
galaxies, and they obtained an upper limit of ∼5−10 km s−1

on the magnitude of any radial inflow in the inner regions of
NGC 4414, NGC 5033, and NGC 5055. Schmidt et al. (2016)
investigated the radial gas flows primarily in the outer parts (up
to 3 R25) of 10 nearby spiral galaxies using high-resolution Very
Large Array data from the H iNearby Galaxy Survey (THINGS).
They found clear indications of radial gas flows for NGC 2403
and NGC 3198 and to a lesser degree for NGC 7331, NGC 2903,
and NGC 6946. The mass flow rates are of the same order, but
usually higher than the star formation rates. Di Teodoro & Peek
(2021) determined radial velocities and mass flow rates in a
sample of 54 local spiral galaxies. They found that most galax-
ies show radial flows of only a few km s−1 throughout their
discs, either inward or outward. The gas mass flow rates for
most galaxies are lower than 1 M� yr−1, which means an aver-
age inflow rate of 0.3 M� yr−1 outside the optical disc. These
inflow rates are lower than the average star formation rate of
1.4 M� yr−1. Thus, the available measurements of the radial gas
velocities in galaxies are controversial and cannot provide a solid
argument for or against the radial gas motion in galaxies.

We adopted the following evolution scenario for the radial
abundance profile within a framework of the model for the chem-
ical evolution of galaxies with a radial flow. In the absence of
the interaction (merger), a galaxy is in equilibrium condition,
where the gas-phase metallicity in the annulus at a given radius
is regulated by an interplay between an inflow, the star forma-
tion, and an outflow. The radial abundance distribution through-
out the whole disc showed the gradient measured in the inner
disc. When the gas captured from the satellite is mixed into the
circumgalactic medium, then the surface mass density of the
CGM increases and its metallicity can also be altered. The inflow
into the CGM of a higher density (change in the gas inflow rate)
destroys the previous equilibrium condition, and a new equilib-
rium condition appears with time. The inner break radius marks
the boundary between the regions of old and new equilibrium
conditions. The radial size of the outer zone (difference between
Rb,outer and Rb,inner) can be considered as some indicator of the
time after the change in the gas inflow rate. Thus, we assumed
that the interaction or merger increases the density of the CGM,
and consequently, changes the inflow rate at the outer edge of the
galaxy. The boundary between old and new inflow rates moves
towards the centre of the galaxy. The inner break in the metallic-
ity gradient might be related to this boundary. We do not pretend
that we constructed the model for the interaction or capture. Our
oversimplified scenario helped us to interpret our observational
data.

We considered our galaxies from this point of view. In galax-
ies with a small radial outer zone (e.g. M-11945-12705, panel
(b5) in Fig. 1; M-8262-12704, panel (a2) in Fig. 1), the outer part
of the galaxy disc between Rb,inner and Rb,outer involves the spax-

els of the CGM-like metallicities and the spaxels of metallici-
ties corresponding to the extrapolation of the inner metallicity
gradient. This shows that no new equilibrium reached (and no
azimuthal mixing occurred) at the edge annulus in these galaxies
because the time after the change in the gas inflow rate was too
short. The radial size of the outer zone in M-12094-12705 (panel
(d5) in Fig. 1) is very small. A discontinuity in the radial distri-
bution of the oxygen abundance takes place, where the radial
abundance gradient turns from exponential to flat. Bresolin et al.
(2009) reported a radial abundance profile like this in the nearby
galaxy NGC 5236 (see panel (d) of Fig. 3 here). The above exam-
ination of the morphologies and velocity fields for our sample
galaxies (Fig. 4) suggests that the interaction of M-12094-12705
with a satellite occurs in an earlier stage than in other galax-
ies, that is, the galaxy M-12094-12705 might correspond to the
beginning stage of the change in the gas infall rate. Bresolin et al.
(2009) noted that peculiarities in the chemical abundance distri-
bution in NGC 5236 might arise from the gravitational interac-
tion with one or more dwarf galaxies about 1 Gyr ago. In galax-
ies with large radial size of the outer zone (e.g. M-8443-12703,
panel (b2) in Fig. 1; M-9485-12705, panel (d3) in Fig. 1; M-
11946-12702, panel (c5) in Fig. 1), the abundance of the gas
in the edge annulus of the galaxy is close to the metallicity of
the inflowing CGM gas (no metallicity spaxels correspond to the
extrapolation of the inner metallicity gradient), that is, a new
equilibrium condition already appeared.

An increase in the gas inflow rate results in steepening of
the metallicity gradient in the outer disc, and consequently, in
a decrease in the oxygen abundance there. Figure 6 shows the
oxygen abundance at the optical radius R25 as a function of the
stellar mass. The positions of the galaxies of our sample in which
the radial position of the inner break Rb,inner is within the optical
radius R25 are shifted towards the lower envelope of the band
occupied by the galaxies in the (O/H)R25 – M? diagram on aver-
age.

We emphasise that the inner break of the oxygen abundance
distribution across the disc can be caused not only by the change
in the gas inflow rate. In our previous paper, we have exam-
ined a sample of the MaNGA galaxies in which the metallic-
ity in the inner region of the disc is at a nearly constant level
and the gradient is negative at larger radii, that is, galaxies with
level-slope (LS) gradients (Pilyugin & Tautvais̃ienė 2024). It has
been shown that the observed behaviour of the oxygen abun-
dances with radius in these galaxies can be explained by the
variation in the star formation history along the radius. The
high oxygen abundance and the lack of systematic variation
with radius in the inner galaxy zone imply that the region has
reached a high astration level (a small gas mas fraction) and
the star formation rate in the region is reduced. The observed
behaviour of the oxygen abundances with radius clearly shows
the effect of the inside-out disc evolution model; the galactic
centre evolves more rapidly than regions at greater galactocen-
tric distances (Matteucci & Francois 1989; Pagel & Tautvaišienė
1995; Bergemann et al. 2014).

In some cases (but not in any case), the metallicity break
caused by the change in the gas inflow rate can be distinguished
from the break caused by the exhausting of the gas in the central
zone of the galaxy. In the latter case, the metallicity in the inner
region of the disc is at a nearly constant level and the gradient is
negative at larger radii; the level-slope (LS) gradient. In the for-
mer case, the metallicity gradient in the inner region of the disc
can be as close to zero (LS gradient) as the negative (slope-slope,
SS) gradient, depending on the evolutionary stage of the galaxy.
Thus, if the galaxy shows an SS gradient, then the break in the
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radial abundance distribution should be attributed to the change
in the gas inflow rate. If the galaxy shows an LS gradient, then
both mechanisms might cause the break (e.g. M-10844-12705,
panel (a5) in Fig. 1; M-10946-12702, panel (c5) in Fig. 1).

4. Conclusions

We considered the abundance distributions in 20 massive
(log(M?/M�) & 10) spiral galaxies from the MaNGA survey
in which the radial abundance gradients are flat (oxygen abun-
dances are at a nearly constant level) at large radii, beyond
the outer break radius, Rb,outer. The oxygen abundances were
estimated in the spaxels where the spectra are H ii region-like
according to both the BPT and the WHaD classification dia-
grams. We examined radial abundance distributions using the
median values of abundances in bins of 0.05 dex in R/R25. We
selected the MaNGA galaxies in which the abundances beyond
the outer break radius were estimated in at least five bins.

We assumed that the outer break radius, Rb,outer, divides the
galaxy disc and the circumgalactic medium (CGM). The val-
ues of Rb,outer range from ∼0.8 R25 to ∼1.45 R25, where R25 is
the optical (isophotal) radius of the galaxy. The radial position
of the outer break does not correlate with the stellar mass. The
mean value for our sample is Rb,outer/R25 = 1.08, with a scatter
of 0.14. The oxygen abundances beyond the outer break radius
range from 12+log(O/H) ∼8.0 to ∼8.5 and tend to increase with
stellar mass.

The oxygen abundance distribution in each investigated
galaxy also shows the inner break in the radial abundance profile
at a radius Rb,inner. The inner break radius divides the inner and
outer parts of the disc with different gradients. The metallicity
gradient in the outer part of the galaxy (Rb,inner < R < Rb,outer) is
steeper than in the inner part (R < Rb,inner). The values of Rb,inner
for our sample of galaxies range from ∼0.45 to ∼1.15 of the opti-
cal radius R25. There is no appreciable correlation between the
radial position of the inner break and the stellar mass.

The behaviour of the radial abundance distributions in these
galaxies can be explained by assuming an interaction with (cap-
ture of the gas from) a small companion and adopting the model
for the chemical evolution of galaxies with a radial gas flow. The
interaction with the companion results in the mixing of the gas
and in the flat metallicity gradient in the CGM. The capture of
the gas from the companion increases the radial gas inflow rate
and changes the slope of the radial abundance gradient in the
outer part of the galaxy.

Acknowledgements. We are grateful to the referee for his/her constructive com-
ments. L.S.P acknowledges support from the Research Council of Lithuania
(LMTLT) (grant No. P-LU-PAR-23-28). This research has made use of the
NASA/IPAC Extragalactic Database (NED), which is funded by the National
Aeronautics and Space Administration and operated by the California Insti-
tute of Technology. We acknowledge the usage of the HyperLeda database
(http://leda.univ-lyon1.fr). Funding for SDSS-III has been provided by
the Alfred P. Sloan Foundation, the Participating Institutions, the National Sci-
ence Foundation, and the U.S. Department of Energy Office of Science. The
SDSS-III web site is http://www.sdss3.org/. Funding for the Sloan Digi-
tal Sky Survey IV has been provided by the Alfred P. Sloan Foundation, the
U.S. Department of Energy Office of Science, and the Participating Institu-
tions. SDSS-IV acknowledges support and resources from the Center for High-
Performance Computing at the University of Utah. The SDSS web site is
www.sdss.org. SDSS-IV is managed by the Astrophysical Research Consor-
tium for the Participating Institutions of the SDSS Collaboration including the
Brazilian Participation Group, the Carnegie Institution for Science, Carnegie
Mellon University, the Chilean Participation Group, the French Participation
Group, Harvard-Smithsonian Center for Astrophysics, Instituto de Astrofísica
de Canarias, The Johns Hopkins University, Kavli Institute for the Physics and
Mathematics of the Universe (IPMU) / University of Tokyo, Lawrence Berke-

ley National Laboratory, Leibniz Institut für Astrophysik Potsdam (AIP), Max-
Planck-Institut für Astronomie (MPIA Heidelberg), Max-Planck-Institut für
Astrophysik (MPA Garching), Max-Planck-Institut für Extraterrestrische Physik
(MPE), National Astronomical Observatories of China, New Mexico State Uni-
versity, New York University, University of Notre Dame, Observatário Nacional
/ MCTI, The Ohio State University, Pennsylvania State University, Shanghai
Astronomical Observatory, United Kingdom Participation Group, Universidad
Nacional Autónoma de México, University of Arizona, University of Colorado
Boulder, University of Oxford, University of Portsmouth, University of Utah,
University of Virginia, University of Washington, University of Wisconsin, Van-
derbilt University, and Yale University.

References
Abdurro’uf, Accetta, K., Aerts, C., et al. 2022, ApJS, 259, 35
Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5
Berg, D. A., Pogge, R. W., Skillman, E. D., et al. 2020, ApJ, 893, 96
Bergemann, M., Serenelli, A., Schönrich, R., et al. 2014, A&A, 594, A120
Bresolin, F., Ryan-Weber, E., Kennicutt, R. C., & Goddard, Q. 2009, ApJ, 695,

580
Bresolin, F., Kennicutt, R. C., & Ryan-Weber, E. 2012, ApJ, 750, 122
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, MNRAS, 351, 1151
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Bundy, K., Bershady, M. A., Law, D. R., et al. 2015, ApJ, 798, 7
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Cardoso, A. F. S., Cavichia, O., Mollá, M., & Sánchez-Menguiano, L. 2025, ApJ,

980, 45
Chen, Y.-M., Kauffmann, G., Tremonti, C. A., et al. 2012, MNRAS, 421, 314
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Pilyugin, L. S., Grebel, E. K., Zinchenko, I. A., Nefedyev, Y. A., & Vílchez, J.
M. 2019, A&A, 623, A122
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